To comprehensively characterize microRNA (miRNA) expression in breast cancer, we performed the first extensive next-generation sequencing expression analysis of this disease. We sequenced small RNA from tumors with paired samples of normal and tumor-adjacent breast tissue. Our results indicate that tumor identity is achieved mainly by variation in the expression levels of a common set of miRNAs rather than by tissue-specific expression. We also report 361 new, well-supported miRNA precursors. Nearly two-thirds of these new genes were detected in other human tissues and 49% of the miRNAs were found associated with Ago2 in MCF7 cells. Ten percent of the new miRNAs are located in regions with high-level genomic amplifications in breast cancer. A new miRNA is encoded within the ERBB2/Her2 gene and amplification of this gene leads to overexpression of the new miRNA, indicating that this potent oncogene and important clinical marker may have two different biological functions. In summary, our work substantially expands the number of known miRNAs and highlights the complexity of small RNA expression in breast cancer. Cancer Res; 71(1); 78-86. Ó2011 AACR.
Introduction
The identification of regulatory $22 nucleotide (nt) noncoding RNAs (1, 2) has been one of the major findings in biology in recent years. Classical microRNAs (miRNAs) are produced from transcripts that form a fold-back hairpin structure, which is cropped by the RNase III enzyme Drosha to a $70 nt long pre-miRNA. This is exported to the cytoplasm and further processed by a second RNase III enzyme, Dicer, into the mature $22 nt miRNA and its complementary star sequence. Mature miRNAs regulate gene expression by guiding effector complexes formed by Argonaute proteins to cognate targets leading to translational repression or enhanced mRNA degradation. Regulation depends on base pairing between the miRNA and target sites on the mRNA. The seed sequence, nucleotides 2 to 7 at the 5 0 end of the miRNA, is especially important for this interaction.
Dysregulation of miRNA function has frequently been implicated in cancer. Calin et al. (3) first observed that many miRNAs were located in genomic regions that are deleted or amplified in different cancer types. Many studies have analyzed the global expression of miRNAs in breast cancer using large-scale hybridization-based methods (4, 5) . These studies showed a roughly 50% overlap between tumors and normal tissues for the analyzed miRNA genes, leading to the hypothesis that well-determined miRNA subsets may be expressed in a tissue-specific pattern (6, 7) .
In total, 904 different mature miRNAs have been identified and reported to miRBase (release 14) , the central repository of miRNA sequences. Genome-wide predictions of hairpin structures, the most prominent feature of miRNA genes, have estimated that several thousand may be encoded in the human genome (8) . The search for new miRNAs has been biased toward highly expressed and evolutionarily conserved genes. Lately, application of highly sensitive approaches has revealed the presence of weakly expressed miRNAs that are not maintained by natural selection (9, 10) . Next-generation sequencing small RNA data available in public databases includes little data for breast tissue. To perform a comprehensive study of breast cancer, we analyzed paired samples of normal, tumor-adjacent and tumor tissue from 5 patients and generated more than 6 million aligned small RNA reads per sample.
We observed a considerable overlap between miRNAs expressed in normal and tumor samples and also between different tumors, implying that miRNA expression levels, rather than miRNA identity, characterize tumor and normal tissues. Furthermore, we identified 535 new mature miRNAs.
Nearly two-thirds of the new genes were also detected in other tissues. Mature miRNAs from 49% of all new precursors were found in immunoprecipitates of Argonaute proteins. Common genomic changes in breast cancer could significantly increase the expression of several of these new genes. This is exemplified by a miRNA encoded within ERBB2/Her2, which suggests a new function as a miRNA host transcript for this clinically important oncogene. In summary, our results considerably increase the size of the human miRNome and add a new level of complexity to the role of miRNAs in breast carcinogenesis.
Materials and Methods

Sample collection
For each breast cancer patient 3 samples corresponding to normal (N), tumor-adjacent (TN), and tumor (T) tissue were prepared by a pathologist from surgically removed material. Tumor-adjacent samples were carefully dissected next to the tumor to include as little contamination of cancerous tissue as possible, while leaving the tumor samples free from normal tissue. The tissue removed during surgery varies from small resections to complete ablation of the breast. Therefore, the distances between tumor and normal samples differ between patients. Normal breast tissue from healthy donors was isolated from samples obtained from women undergoing reduction mammoplasty. The tissues were kept on dry ice at all times during tissue sampling and handling. Tissue samples were fresh-frozen in À70 C. The study was approved by the local medical ethics committee. Total RNA was extracted with Trizol following the manufacturer's instructions.
Small RNA sequencing
Sequencing of small RNAs was performed on the Illumina Genome Analyzer. Libraries of 18 to 50 nt small RNAs were prepared with the Small RNA Sample Prep Kit v1 (Illumina). Sequences were aligned to the human genome (UCSC hg18 assembly) and identified by comparison against the positions of mature miRNAs and miRNA precursors from miRBase release 14, and also protein-coding and noncoding genes and repeats using annotation from the UCSC Genome Browser. Significance analysis of microarrays (SAM) was done in MeV version 4.3.02 for comparison of expression in tumors versus normal tissue and clustering of the samples. For pairwise analysis of differential miRNA expression between samples, the P values were calculated using the Z test for proportions with Bonferroni correction for multiple testing.
Identification of new miRNAs
Sequences that did not match miRNAs or repetitive DNA were combined for all samples and submitted to the miRanalyzer web server (11) that identified a large number of candidate miRNA precursors. These were used as scaffolds for alignment of all sequences and data for 24 human cell lines and tissue samples available in the Gene Expression Omnibus database (GEO). Candidates were then selected for further study only if they passed criteria for (i) well-defined mature product and few other sequences from precursor region, (ii) hairpin structure and stability, (iii) sequence complexity, (iv) favorable genomic location, and (v) a requirement for sequences from both precursor arms consistent with Drosha and Dicer processing or sequences from several samples. Entry names are given for novel miRNA sequences deposited in miRBase. Provisional names are used for the rest.
For evolutionary conservation analysis, the basis of criteria was sequence and structure similarity, sufficient secondary structure stability, and conservation of the mature miRNA seed sequence (nucleotides 2-7).
Validation of candidate miRNAs
Expression of miRNAs was analyzed by real-time PCR using iTaq SYBR green supermix (Bio-Rad) with denaturation at 95 C 3 minutes, followed by 40 cycles of 95 C 15 seconds, 60 C 45 seconds, and a final melting curve analysis from 60 C to 95 C to verify that a single product was amplified. The cDNA was synthesized using stem-loop primers as described in reference (12) . For Ago2 immunoprecipitation, MCF7 cell pellets were resuspended in lysis buffer: 20 mmol/L of TrisHCl (pH ¼ 7.5), 200 mmol/L of NaCl, 2.5 mmol/L of MgCl 2 , 0.5% Triton X-100, 0.1 U/mL RNase inhibitor and 1Â EDTA-free complete protease inhibitor (Roche Applied Science). Cells were sonicated and the extract was centrifuged. The supernatant was incubated with Ago2 antibodies with gentle rotation at 4 C. Blocked Dynabeads Protein G (Invitrogen) were added to the lysate and incubated at 4 C. Bound complexes were washed in lysis buffer followed by LiCl buffer (20 mmol/L of Tris-HCl (pH 8.0), 1 mmol/L of EDTA, 250 mmol/L of LiCl, 1% NP-40, and 1% sodium deoxycholate) and finally treated with DNase and proteinase K before phenol-chloroform extraction and RNA precipitation.
Array comparative genome hybridization
BAC (bacterial artificial chromosome) aCGH and gene expression data for 359 breast tumors were obtained from Jonsson et al. (13) Detailed information is provided in the Supplementary Materials and Methods.
Results
A comprehensive analysis of miRNA expression in normal and tumor breast tissue
We performed next-generation sequencing of small RNAs to create a catalog of their expression in breast cancer. We extracted total RNA, fractionated 18 to 50 nt small RNAs and produced libraries for sequencing from paired normal (N), tumor-adjacent (TN), and tumor (T) breast tissue from 5 patients. The tissue removed during surgery was macrodissected by a pathologist to ensure that tumor-adjacent samples were devoid of malignant cells and that tumor samples were not contaminated with noncancerous tissue. The normal samples were taken as remotely as possible from the affected area. Two of the patients (TAX577740 and TAX577579) had estrogen and progesterone receptor-negative (ER
À IDC and patient 5 had a fibroadenoma with no previous history of malignancy (TAX577580). None of the patients had ERBB2/Her2 amplifications. To note, TAX577740 is a triple-negative tumor (
with a BRCA1-like phenotype in a patient from a non-BRCA mutant family with a history of breast cancer (Table 1) . Close to 170 million sequences were produced for the 15 samples with a final number of quality filtered, aligned sequences of 95 million, giving an average of 6.4 million per sample (Supplementary Material S1). Mature miRNAs make up the vast majority of sequences in the 18 to 25 nt size range with a clear peak around 22 nt in all samples ( Fig. 1A and B) . Sequences that are annotated as intronic or intergenic, the most common locations for miRNA genes, also accumulate at 22 nt, suggesting that a number of miRNAs may still be unidentified. All libraries had a similar proportion of miRNAs independently of sample origin, ranging from 78% in the fibroadenoma (TAX577580T) to 91% for the tumor from the BRCA2 mutation carrier, TAX577453T (Supplementary Material S2). Only 0.2% of the sequences were miRNA precursor fragments different from the functional mature miRNA or its complementary star sequence.
Differential expression of a large and common miRNA set characterizes tumor versus normal tissue identity
We first analyzed the expression of all human miRNAs included in miRBase release 14 with the addition of 155 new star sequences identified from our sequence data (Supplementary Material S3). All samples expressed a large and highly similar set of miRNA genes, irrespective of patient and sample type. We used a limit of expression of 0.5 counts per million reads (cpm) to minimize spurious detection due to sequencing errors. This corresponds to approximately 3 reads for an average library. The total number of mature miRNAs expressed in at least 1 sample was 703 with a sample average of 535 miRNAs. The intersection of expressed miRNAs between samples is very large, typically 70% to 80% both for samples from the same patient and for samples of the same tissue type. Most of the non-overlapping miRNA genes have low expression. Exceptions include miR-767-5p and miR-1269, which are expressed almost exclusively in TAX577740T and TN. The majority of the detected miRNAs have lower expression in tumors than in normal tissue, in agreement with the reported association between transformation and global downregulation of miRNA expression (14) . However, there is an increase in the total number of miRNA reads for several tumor and tumor-adjacent samples compared with normal breast, but this is linked to a marked increase of a limited number of known oncogenic miRNAs such as miR-21 and some members of the let-7 family.
Significance analysis of differential miRNA expression and hierarchical clustering analysis clearly separated tumors from normal tissue samples (Fig. 1C) . The samples of tumor-adjacent tissue were divided between the normal and tumor clusters, independently of their clinicopathologic characteristics. Although this may reflect the degree of tumor or inflammatory cell infiltration, differential expression suggests that the region may be more than a transition. A set of miRNAs was upregulated in tumor-adjacent samples compared with the surrounding normal and tumor tissue in 4 of 5 patients. This set includes both the pro-metastatic miR-10b and miRNAs with proposed metastasis-inhibiting or tumor suppressor activity such as miR-100, miR-101, miR-146b, mir-148a, mir-205, miR-99a, miR-196, miR-199, miR-30, miR-99, miR-26, miR-27, and miR-29.
Two-thirds of the differentially expressed genes are downregulated in tumors compared with normal samples for 3 patients (TAX577453, TAX577745, and TAX577580). Interestingly, the 2 tumors with the lowest percentage of downregulated miRNAs (50% and 37% for TAX577740 and TAX577579, respectively) are both ER-negative. The fibroadenoma had the smallest number of differentially expressed genes compared with normal tissue. A group of 4 miRNAs were upregulated in all tumor samples, including miR-107, miR-191, and the oncogenic miR-21 and miR-200a.
Pair-wise comparison between the 4 malignant tumors and their corresponding normal samples identified a common set of 9 upregulated and 21 downregulated miRNAs. The list of upregulated genes consists of miRNAs previously associated with cancer such as miR-21, miR-155/BIC, and miR-196a. Four of the 21 miRNAs that are downregulated in all tumors have been reported to be upregulated posttranscriptionally by TP53 upon DNA damage (15) ; miR-143 that targets KRAS, miR-145/145* (targets CDK6), and miR-26a (targets CCND2 and CCNE2). These miRNAs have been shown to be underexpressed in several cancers. The miRNA miR-140 is downregulated in all tumor samples. A number of these downregulated miRNAs have, to our 
knowledge, not previously been associated with breast cancer, such as miR-139-5p, miR-144/144*, miR-223, and miR-378. Several studies have linked downregulation of the let-7 miRNAs to tumorigenesis and poor cancer prognosis. By sequencing, we see a complex pattern with both up-and downregulation of individual family members. For example, for the tumor TAX577579, the family members let-7a, -7b, -7c, and -7e are downregulated; whereas, let-7d and -7f are upregulated. The net result is a slight downregulation of the common seed sequence GAGGTA.
In summary, our sequence analysis accurately classifies normal and tumor tissue and shows that tumors and normal breast express a large, highly similar set of miRNAs.
Identification of a Large Number of New miRNAs
We analyzed the data for the presence of candidate new miRNAs using the miRanalyzer web server (11) . This analysis reported more than 700 candidate precursor loci, which we used to produce alignments for the complete sequence data, and data for breast cancer cell lines produced in our laboratory and a number of small RNA sequence data sets available in the GEO database (GEO, NCBI). Candidate miRNAs with good sequence support were selected and only candidates meeting strict requirements were retained (see Material and Methods for further description). The GEO data sets (including ovary, cervix, colon, lung, kidney, human embryonic stem cells, nasopharynx, and bone) provided independent support for 63% of our new miRNAs and, convincingly, mature sequences from both 5 0 and 3 0 precursor arms were identified for 174 of the precursors. The most common sequences were selected as representative mature miRNAs. The final set contained 361 new miRNA precursors with 535 mature miRNAs (Supplementary Material S4), corresponding to 50% and 59%, respectively, of the total number of human miRNAs in miRBase release 14.
A majority of the precursors, 191 genes (53%), are encoded in introns and 37 (10%) are located in intergenic regions. Nineteen (5%) mapped within coding exons and another 19 to the 5 0 or 3 0 untranslated regions (UTR) of annotated transcripts. Forty-two novel miRNAs mapped to the antisense strand of mRNAs. Notably, 12 of our new miRNAs are transcribed antisense to known miRNAs. The expression of most TAX577740T  TAX577740TN  TAX577740N  TAX577453T  TAX577453N  TAX577453TN  TAX577745T  TAX577745N  TAX577745TN  TAX577579T  TAX577579N  TAX577579TN  TAX577580T  TAX577580TN  TAX577580N 18 19 The new miRNAs identified here have remained undetected in spite of a number of studies in different organisms. The phylogenetic distribution clearly shows a lower degree of conservation beyond primates for the new miRNAs than for known miRNAs (Fig. 2A) . Seven percent of our miRNAs may be specific to the human lineage, but a majority is also found in closely related species such as chimpanzee. Seventy-eight (21%) are detected in at least one of the nonprimate placental mammals and a handful appear to be deeply conserved.
Experimental validation of new miRNAs
We selected a number of new miRNAs for experimental validation to confirm their expression. Precursor structures for these miRNAs (miR-3117-3p, miR-4446-3p, miR-3150b-3p, miR-3065-5p, and miR-4732-5p) are shown in Supplementary Material S5b. They were chosen randomly among candidates that had high expression in at least 1 sequenced sample. We first measured the expression of these miRNAs by real-time PCR in the tissue samples analyzed by sequencing, in which their expression ranged from 0 to 54 cpm. All 5 miRNAs were detected above background by PCR, and their relative expression between samples showed excellent correlation with the cpm values from sequencing (r ¼ 0.96-1.00 within patients; Fig. 2B ). In addition, to test their presence in independent samples we measured their expression in a panel of 9 human tissues (Fig. 2C) . Two of the 5, miR-3150b-3p and miR-4732-5p, were not detected in any other tissue, suggesting that they may be specific to breast. Argonaute proteins are the key components of the miRNAinduced silencing complex (miRISC). To generate functional evidence for a large number of new miRNAs, we immunoprecipitated Ago2 from MCF7 cells and analyzed the associated small RNAs. To verify enrichment, we first tested the new miRNAs that had been experimentally validated by real-time PCR. Three miRNAs (miR-4446-3p, miR-3150b-3p and miR-3065-5p) were expressed in MCF7 cells and showed significant enrichment in the Ago immunoprecipitate compared with the control (Fig. 2D) . We then sequenced the immunoprecipitated RNA and detected mature miRNAs from 176 (49%) of our candidate precursors. These experimental results provide strong support for the expression, processing and biological function through association with miRISC for our set of candidate new miRNAs.
A dual function for the ERBB2/Her2 gene?
Most new miRNA genes are lowly expressed in our samples. However, expression levels could be influenced by genomic gains or losses of chromosomal regions, a common mechanism of gene dysregulation in cancer. We, therefore, searched for recurrent genomic amplifications affecting the expression of our new miRNAs in a set of 359 breast tumors (13) with samples representing breast cancer subtypes associated with different clinicopathologic characteristics (16) . We specifically sought to identify genes encoded in regions with high-level genomic amplifications and found 39 new miRNAs distributed in 19 regions with significant gains in 4% or more of the samples in at least 1 tumor group based on subtype, ER-status, or hereditary mutations ( Table 2) . Amplification of 17q12 is a clinically important genomic aberration that causes overexpression of the ERBB2 receptor. Five of our new miRNAs (miR-4726, miR-4727, Candidate_296, miR-4728, and miR-4734) map to this region. Strikingly, miR-4728 is located in an intron of the ERBB2 gene itself (Fig. 3A) . Both mature miRNAs from this candidate, miR-4728-5p and miR-4728-3p, were found among the Ago2-associated RNAs in MCF7 cells. Closer inspection of this new miRNA shows that the 5 0 end of miR-4728-5p is in the middle of the intron; whereas, miR-4728-3p ends just before the 5 0 splice site of exon 24 (Fig. 3B ). This suggests that the new miRNA is a half-mirtron (17, 18) and that its processing may depend on splicing of the ERBB2 RNA itself.
We analyzed the expression of this miRNA in cell lines with ERBB2 amplification (BT-474, JIMT-1, and SK-BR-3) and 2 control cell lines (MCF7 and MCF10A). All 3 ERBB2 þ cell lines overexpressed both ERBB2 exon 24 and miR-4728-3p, whereas the expression of miR-4728-5p was lower and only showed a marginal increase (Fig. 3C) . To confirm these results, we selected a group of breast tumors and 4 normal breast tissue samples from healthy women obtained from reduction mammoplasties. Six tumors were ERBB2 þ and the remaining 12
were ERBB2 À , equally divided between the luminal A, luminal B, basal, and normal-like subtypes. Four of the 6 tumors with ERBB2 þ overexpressed both miR-4728-3p and ERBB2 exon 24 (Fig. 3D) . These results uncover a new genetic component within the ERBB2/Her2 amplicon, one of the major predictive markers of breast cancer, underscoring the value of our data.
Discussion
We aimed to characterize the entire miRNA complement and detected 703 known mature miRNAs expressed in at least 1 sample with a sample average of 535 miRNAs using a 0.5 cpm cut-off. If we include all miRNAs with at least 1 read, the total number of mature miRNAs increases to 876 and the average to 661, suggesting that the sequencing depth did not reach saturation. We also detected 155 star sequences for known miRNAs that had not been previously annotated. The miRNA sets that are expressed in normal, tumor, and tumor-adjacent samples were largely overlapping, and miRNAs with samplespecific expression always had low expression. This implies that breast tumors differ from normal breast by variation in the expression level of similar sets of miRNAs, rather than tissuerestricted expression of specific miRNAs. We also identified a large number of new miRNAs with strong support based on careful analysis of sequence data. In total, we found 535 mature miRNAs from 361 new precursors, numbers that represent 59% and 50%, respectively, of all human miRNAs in miRBase release 14. Release 15, which became public during the final preparation of this manuscript, contains 60 of 86 identified new mature miRNAs for 54 of our candidate precursors, providing further confirmation for our set of new miRNA genes.
The new miRNAs are generally less evolutionarily conserved than known miRNAs, with a large fraction unique to humans or primates. The importance of nonconserved, weakly expressed miRNAs has probably not been fully appreciated. Although conservation generally indicates functional importance, the contrary is not necessarily true for miRNAs, as shown by the lack of conservation of miR-296 target sites in Nanog and Oct4 (19) . Furthermore, expression of functionally important miRNAs can be restricted to only a few specialized cells (20) giving constantly low counts in sequencing screens. We recently reported that the endogenous levels of lowly expressed small vault RNAs efficiently downregulate the expression of highly expressed reporters in a miRNA-like manner (21) . Weakly expressed sequences are sometimes dismissed as noise or random degradation products. In our case, processing by the miRNA pathway is confirmed by the almost exclusive presence of mature miRNA sequences, often derived from both precursor arms and detected in several independent samples, together with a negligible number of sequences from other parts of the predicted precursors. We could also show association with Argonaute proteins for a large fraction of our candidate new miRNAs, which strongly indicates that they are new functional miRNA genes.
More than 10% of the new miRNAs map to regions that display high-level amplifications in breast tumors. Among these, miR-4728 is encoded within an intron of ERBB2, a gene that is frequently amplified and associated with more aggressive disease and shorter patient survival. This new miRNA is also significantly overexpressed in tumors and cell lines with ERBB2 amplification. The discovery of a new gene that has escaped previous identification in a well-studied region, known to be potently transforming upon overexpression, was highly unexpected. It is tempting to speculate that expression of miR-4728 might explain why overexpression of ERBB2, rather than Table 2 . ((((.((...(((...)) )......)).))))).)))))))))))))))............ 4728-5p TGGGAGGGGAGAGGCAGCAAGCA 4728-3p CATGCTGACCTCCCTCCTGCCCCAG (n = 4) ERBB2 Basal LumA LumB Normallike Normal (n = 6) (n = 3) (n = 3) (n = 3) (n = 3) (n = 4) Research. 
